Introduction
============

Therapeutic approaches to the treatment of periodontitis generally fall into two major categories, ie, those designed to halt the progression of periodontal attachment loss, and those designed to regenerate or reconstruct lost periodontal tissues.[@b1-ccide-3-079] Regenerative periodontal therapy aims at the restitution of periodontal tissues that have been lost following inflammatory periodontal disease.[@b2-ccide-3-079] Surgical procedures involving root conditioning, autograft, allograft, xenograft, and/or barrier membranes for guided tissue regeneration have been shown to contribute to a successful regenerative outcome.[@b3-ccide-3-079] Despite the convincing histologic evidence that some regeneration may occur in humans following a regenerative surgical approach,[@b4-ccide-3-079] complete and predictable regeneration is still a goal that is difficult to attain. In the last four decades, investigators have increased their efforts to seek procedures and materials promoting periodontal regeneration. Growth and differentiation factors have been shown to play a key role in wound healing, and it has been suggested that they could enhance the regenerative process.[@b5-ccide-3-079] Moreover, periodontal regeneration has been demonstrated histologically using human platelet-derived growth factor BB mixed with bone allograft in both Class II furcation and interproximal intrabony defects.[@b6-ccide-3-079] The use of growth factors has demonstrated significant repair and/or regeneration.[@b7-ccide-3-079] The application of enamel matrix protein derivatives (EMD) was introduced as an alternative for obtaining periodontal regeneration.[@b8-ccide-3-079],[@b9-ccide-3-079]

Enamel matrix proteins in cementogenesis
========================================

According to the classic theory of root formation and development of attachment apparatus, Hertwig's epithelial root sheath (HERS), which is the apical extension of the enamel organ, induces mesenchymal cells of the dental papilla to form the mantle predentin before it disintegrates and leaves the root surface. As a result of HERS apoptosis during the embryonic process, the physical barrier it forms between the mesenchymal cells of the dentinal follicle and the forming dentin disintegrates. The mesenchymal cells of the dentinal follicle and the forming dentin are induced to differentiate into cementoblasts, and are responsible for cementogenesis. The process of cementum deposition is a prerequisite for the formation of both the periodontal ligament and the alveolar bone.[@b10-ccide-3-079] However, recombination between slices of root dentin and follicular cells has demonstrated that an exposed dentin surface is not a sufficient stimulus for cementoblast differentiation and cementogenesis.[@b11-ccide-3-079] Instead, it appears that there is an obligatory intermediate short and specific modulating stage in which the HERS cells secrete enamel-related matrix proteins.

The enamel matrix is generally believed to regulate the initiation, propagation, termination, and maturation of hydroxyapatite crystallites in enamel. The enamel matrix also has a function outside the developing enamel. Enamel matrix proteins are temporarily deposited onto the dentinal root surface and provide an initial and essential step in the formation of a cellular cementum.[@b12-ccide-3-079]--[@b14-ccide-3-079]

Autoradiographic and scanning electron microscopy studies provide additional evidence that the cementogenesis process is initiated and kept modulated by these proteins following apoptosis of HERS cells and deposition of enamel matrix protein onto the dentin surface.

Composition of enamel matrix proteins
=====================================

The major fraction of the enamel matrix proteins is composed of amelogenins, a family of hydrophobic proteins that account for more than 90% of the organic constituents of the enamel matrix.[@b15-ccide-3-079] The amelogenins have remained remarkably well conserved through evolution, suggesting that they may have great functional importance.[@b15-ccide-3-079]

The second largest component of the enamel matrix protein is the enamelins. Enamelins have been found to contain serum proteins, and the more general term "non-amelogenin" is now commonly used to describe this high molecular weight fraction, which includes proline-rich enamelin, tuftelin, and tuft proteins.

Three matrix proteins, corresponding to amelogenin, enamelin, and sheathelin, and two enzymes, corresponding to MMP-20 and EMSP1, have been purified and the cDNA cloned from developing porcine teeth. Although early immunoassay studies could not identify the presence of growth factors in EMD,[@b16-ccide-3-079] nominal levels of transforming growth factor β1 have been detected immunologically.[@b17-ccide-3-079] In addition, by using noggin, a bone morphogenic protein (BMP)-binding protein, investigators have identified BMP-2 and BMP-4 in an osteoinductive fraction of enamel extracts.[@b18-ccide-3-079] A wide range of in vitro and in vivo studies have demonstrated that EMD and amelogenins stimulate growth of multiple mesenchymal cell types including fibroblasts, cementoblasts, osteoblasts, and stem cells.[@b19-ccide-3-079],[@b20-ccide-3-079] EMD and amelogenin enhance expression of tissue-specific maturation markers, such as alkaline phosphatase, collagen, and osteocalcin, within osseous tissues.[@b21-ccide-3-079] The commercially available EMD (Emdogain^®^, Biora AB, Malmo, Sweden) is available for the treatment of periodontal defects. Its acts as a tissue-healing modulator mimicking the events that occur during root development and helps to stimulate periodontal regeneration.[@b8-ccide-3-079],[@b9-ccide-3-079] The amelogenins, which are the hydrophobic constituents of the enamel matrix proteins, aggregate and become almost insoluble at physiologic pH and temperature. They can be dissolved in an acidic or alkaline pH environment and at low temperature. A suitable formulation should thus have a non-neutral pH and allow for gradual reprecipitation of the matrix when physiologic conditions are re-established. Using a buccal dehiscence model in monkeys, investigators evaluated several drug vehicles to determine which model most effectively allowed the EMD to precipitate on the treated root surface.[@b8-ccide-3-079] Regeneration of cementum and alveolar bone was measured after 8 weeks. The results showed that propylene glycol alginate (PGA) was more effective than hydroxyethyl cellulose or dextran. PGA appears to enhance EMD precipitation, thus exposing the periodontal ligament cells to the re-established protein aggregate and allowing matrix-cell interactions to take place. The other vehicles that were tested, although stable at neutral pH, appeared to prevent exposure of periodontal ligament cells to the proteins.[@b8-ccide-3-079]

In vitro studies
================

Properties of EMD
-----------------

Application of EMD results in limited epithelial downgrowth, in contrast with control sites where greater epithelial downgrowth takes place. This histologic observation was reinforced by in vitro studies.[@b8-ccide-3-079] Addition of EMD to cell culture media resulted in enhanced proliferation of periodontal ligament cells, as well as increased protein and collagen production and mineralization. In contrast, EMD had no significant effect on epithelial cell proliferation in vitro.[@b16-ccide-3-079] It may be concluded that the biochemical environment at the root surface following application of EMD may prevent epithelial downgrowth in a manner similar to the mechanical prevention achieved using a barrier membrane in guided tissue regeneration procedures.[@b22-ccide-3-079],[@b23-ccide-3-079]

Mode of action of EMD
---------------------

EMD adsorbs to hydroxyapatite and collagen and also to denuded dental roots. It forms insoluble spherical complexes, and detectable amounts remain at the treated site on the root surface for up to 2 weeks, as was shown by radiolabeled protein in rats and pigs. This appears to be a sufficient period of time to permit recolonization by periodontal ligament cells or undifferentiated cells.[@b16-ccide-3-079]

In a series of laboratory studies, the effect of EMD on migration of mineralized nodules was examined. Immunoassays were performed to determine the possible presence of existing polypeptide factors.[@b16-ccide-3-079],[@b25-ccide-3-079] The results showed that, under in vitro conditions, EMD promotes the proliferation of periodontal ligament fibroblasts but not epithelial cells, and increases total protein synthesis of periodontal ligament fibroblasts as well as formation of mineralized nodules by periodontal ligament fibroblasts. In the above mentioned studies, no levels of specific molecules, such as insulin-like growth factor (IGF)-1 and IGF-2, human platelet-derived growth factor BB, tumor necrosis factor, transforming growth factor β, interleukin-6, or platelet-derived growth factor AB were compared with those in the control group.[@b19-ccide-3-079] EMD has no appreciable effect on osteoclastic differentiation, although it stimulates cell growth and IGF-1 and transforming growth factor β1 production in periodontal ligament cells.[@b26-ccide-3-079] Palioto et al evaluated the effect of EMD, IGF-1, and a combination of these two factors on the proliferation, adhesion, migration, and expression of type I collagen in periodontal ligament fibroblasts, which were significantly stimulated by both EMD and EMD plus IGF-1 in a dose-dependent and time-dependent manner.[@b27-ccide-3-079] However, these factors did not affect the adhesion, migration, or expression of type I collagen by these cells. Other data indicate that EMD may contain additional mitogenic factors, such as transforming growth factor-β and BMP-like growth factors that stimulate fibroblastic proliferation and contribute to the induction of biomineralization during periodontal regeneration.[@b28-ccide-3-079]

Keila et al investigated the effects of EMD on rat bone marrow stromal cells and on gingival fibroblasts.[@b29-ccide-3-079] EMD increased the osteogenic capacity of bone marrow and mineralized nodule formation. The presence of EMD in the initial stages (first 48 hours) of the culture was crucial for this effect. In contrast, EMD did not induce osteoblastic differentiation of gingival fibroblasts but increased both cell numbers and amount of matrix produced by up to two-fold. Upon further investigation, it was shown that the attachment, growth, and metabolic rate of periodontal ligament fibroblasts increased significantly when EMD was added to cell cultures and that EMD may convert the differentiation pathway of pluripotent C2C12 mesenchymal cells into an osteoblast and/or chondroblast lineage.[@b16-ccide-3-079],[@b19-ccide-3-079] The cellular activities stimulated by EMD are not associated with a single molecular weight species. The fact that noggin abolishes C2C12 alkaline phosphatase activity suggests that the effects on osteoprogenitor cell differentiation are the result of BMP-like protein(s), while the effects on proliferation and angiogenesis are associated with lower molecular weight species present in peaks II and III. Finally, unheated EMD displays gelatinolytic activities that are also detectable following size exclusion separation of EMD constituents. The masses of these activities were consistent with those reported for latent and active MMP-20.[@b30-ccide-3-079] Periodontal ligament fibroblasts showed significantly increased alkaline phosphatase activity following application of EMD, which also enhanced the proliferation of human periodontal ligament fibroblasts.[@b31-ccide-3-079],[@b32-ccide-3-079] In the presence of EMD, human periodontal ligament fibroblasts showed some morphologic changes that made them more similar to cementoblasts than to fibroblasts, suggesting a process of cell differentiation. A recent study examined the influence of EMD on the viability, proliferation, and attachment of periodontal fibroblasts to diseased root surfaces.[@b33-ccide-3-079] The results indicated that cell viability was negatively affected by higher doses over time, while low doses displayed viability effects similar to those of the control. Periodontal ligament cell proliferation appeared to be ameliorated following exposure to EMD, and analysis by scanning electron microscopy suggested that cellular attachment to diseased dentin was enhanced following application of EMD. Further investigations demonstrated that EMD significantly increased mRNA synthesis of the matrix proteins, versican, biglycan, and decorin, and increased hyaluronan synthesis in gingival and desmosomal fibroblasts. It was also suggested that integrins are involved in the interaction between periodontal ligament cells, gingival fibroblasts, and EMD.[@b34-ccide-3-079] However, it has to be emphasized that in most studies, EMD had a stronger effect on desmodontal than on gingival fibroblasts. Other experimental investigations have shown that the application of EMD can regulate the expression of genes associated with cementoblasts which, in turn, has a crucial effect on the mineralization process.[@b35-ccide-3-079] Inoue et al evaluated if application of EMD to different dental materials which do not normally support cementogenesis, such as Gutta-percha, calcium hydroxide, amalgam, and super EBA cement, would alter the in vitro phenotype of periodontal ligament cells. Their findings indicated that EMD can alter the phenotype of periodontal ligament cells when cultured on these materials. However, some studies have failed to show an influence of EMD on the proliferation of mouse fibroblasts and marrow stromal cells.[@b36-ccide-3-079] Very recent data have shown that neither EMD nor PGA has the ability to induce hard tissue and that the enamel matrix proteins contained within EMD might aggravate the dentin surface and inhibit the effect of demineralized dentin matrix.[@b37-ccide-3-079] In a study investigating clot adhesion to protein-conditioned root surfaces, human dentin blocks were exposed to either a saturated citric acid solution or a commercial ethylene diamine tetra-acetic acid (EDTA) preparation using standardized protocols.[@b38-ccide-3-079]

In an in vitro study, the combination of EMD 4 mg and active demineralized freeze-dried allogenic bone showed increased bone induction. It was concluded that EMD possesses osteopromotive but not osteoinductive characteristics when applied at certain concentrations.[@b39-ccide-3-079] Schwarz et al have shown that EMD stimulates the early stages of osteoblast maturation by increasing cell proliferation.[@b40-ccide-3-079] However, when applied to mature cell lines, the main effect was to influence cell differentiation. A stimulatory role of EMD on mineralized tissue formation by modulating regulatory molecules critical to bone metabolism at the RNA level has also been reported.[@b41-ccide-3-079]

Schwarz et al investigated the effects of EMD on attachment, proliferation, and viability of human Saos-2 osteoblastlike cells on titanium implants. The results indicated that EMD-enhanced proliferation and viability of human Saos-2 osteoblasts on sandblasted/acid-etched titanium implants is concentration-dependent. Treatment of osteoblasts with EMD significantly stimulated cell proliferation and fibroblast growth factor-2 expression but decreased alkaline phosphatase expression.[@b42-ccide-3-079] It was also suggested that EMD may elicit its mitogenic signal through an EMD-specific tyrosine kinase receptor towards extracellular signal regulated kinase 1/2.[@b43-ccide-3-079] It seems that treatment with EMD may enhance the cellular activities of osteoblasts and osteoclasts, which in turn might support the regeneration of periodontal bony defects.[@b44-ccide-3-079] Because soluble peptides released from EMD may contribute to the stimulating effects on cell proliferation, direct contact between EMD and osteoblasts might not be required to induce cell proliferation.[@b45-ccide-3-079] Shimizu et al[@b46-ccide-3-079] investigated the ability of EMD to regulate bone sialoprotein gene transcription in osteoblast-like cells. The findings identified EMD response elements in the rat bone sialoprotein gene promoter that may mediate the effects of EMD on bone sialoprotein gene transcription. EMD enhanced the proliferation of human mesenchymal stem cells and seemed to enhance mineralization. The reverse transcriptase polymerase chain reaction test revealed that EMD promoted early-stage osteoblast differentiation by enhancing collagen type I alpha 2 expression, but exerted an inhibitory effect on mineralization by lowering gene expression of bone sialoprotein and γ-carboxylglutamate.

Another study evaluated the effect of a bioactive glass and EMD combination on proliferation of MC3T3-E1, a mouse preosteoblastic cell line.[@b47-ccide-3-079] Cells were cultured for up to 28 days in contact with three types of granules, ie, Bioglass 45S5 granules, 45S5 granules coated with EMD, and a less reactive glass used as the control. The results indicated that Bioglass 45S5 granules either alone or coated with EMD have the ability to support growth of osteoblast-like cells in vitro and promote osteoblast differentiation by stimulating the expression of major phenotypic markers. However, the bioactive granules coated with EMD showed significantly higher protein production than the bioactive granules alone.

Parker and Tonetti evaluated the selective effects of EMD on the activities of 268 cytokine, growth factor, and receptor genes in periodontal ligament tissue.[@b48-ccide-3-079] The results indicated that EMD downregulates the expression of genes involved in the early inflammatory phases of wound healing while simultaneously up regulating genes encoding for molecules that promote growth and repair.

It is important to note that certain antibacterial effects and impairment of bacterial adherence were also found to be influenced by EMD. Plaque samples were allowed to accumulate for 4 days and were divided into five equal parts thereafter.[@b49-ccide-3-079] Each part was mixed with 5 μL of one of the following solutions: NaCl, EMD in water, EMD in PGA vehicle, PGA vehicle, and chlorhexidine digluconate. Vital fluorescent microscopy was subsequently used to evaluate the vitality of the plaque flora. The results showed that EMD in the PGA vehicle had a very strong antibacterial effect. It was concluded that the antibacterial effect of EMD is mainly due to the effect of the PGA carrier. These findings were later confirmed in an observer-blind, randomized, five-cell crossover study, demonstrating for the first time a direct influence of EMD on the vitality of supragingival dental plaque in vivo.[@b50-ccide-3-079] In a further investigation, it was shown that EMD inhibits the growth of the periodontal pathogenic bacteria *Actinobacillus actinomycetemcomitans*, *Porphyromonas gingivalis*, and *Prevotella intermedia*. Twenty-four hours following the application of EMD, no living colonies of these pathogenic bacteria could be observed. EMD demonstrated no negative effect on Gram positive bacteria.[@b51-ccide-3-079] The inhibitory effect of EMD on periodontal pathogenic bacteria was also confirmed by others.[@b52-ccide-3-079],[@b53-ccide-3-079]

Recent data also suggest that *P. gingivalis* diminishes the effect of EMD on periodontal ligament cells in vitro via the cooperative action of gingipains.[@b54-ccide-3-079] Rincon et al evaluated the influence of EMD on cultured gingival, periodontal ligament, and dermal fibroblasts, using an in vitro model of wound healing. This study demonstrated that cells in vitro fill an empty space by a combination of proliferation and cell migration, indicating that EMD may exert an influence on cells involved in wound healing.[@b55-ccide-3-079]

In a study in rabbits, Mirastschijski et al[@b56-ccide-3-079] primarily investigated the in vivo effects of EMD on skin wound healing. Secondly, they examined the in vitro effects of EMD on dermal fibroblasts and microvascular endothelial cells. Full-thickness, circular 2 cm skin wounds in 16-week-old white rabbits were treated three times a week with EMD 30 mg/mL in a PGA vehicle or with vehicle alone as a control. Treatment with EMD increased the amount of granulation tissue and accelerated the time taken to complete epithelialization by 3 days compared with the controls. Vascular endothelial growth factor levels in conditioned media were increased by more than five-fold with EMD treatment compared with the control treatment in cultured fibroblasts, as measured by enzyme-linked immunosorbent assay. EMD also increased the release of MMP-2 from fibroblasts and endothelial cells by more than three-fold. It was concluded that EMD significantly accelerated wound closure in rabbits, possibly by increasing the levels of growth factors and proteinases important for granulation tissue formation and granulation.[@b56-ccide-3-079] It was shown that EMD may express some angiogenetic effects, which could play an important role in early wound healing.[@b57-ccide-3-079] Recent evidence points to EMD having anti-inflammatory properties which attenuate the release of tumor necrosis factor-α and interleukin-8 in whole blood from healthy donors challenged by lipopolysaccharide or peptidoglycan.[@b58-ccide-3-079] Furthermore, it was shown that EMD inhibits attachment of MCF-7 (a typical breast cancer cell line) to bone matrix, suggesting that EMD might be useful as an antiadhesive agent for breast cancer cells to bone in vivo.[@b59-ccide-3-079] EMD may affect gingival health by ways other than cell proliferation/survival, ie, by stimulation of tissue inhibitor of metalloproteinase (TIMP)-3 production, which could improve the MMP-TIMP balance in gingival tissue and curb extracellular matrix destruction.[@b60-ccide-3-079] In conclusion, in vitro studies strongly indicate that EMD affects important wound healing mechanisms. However, to date, it appears that the underlying molecules and mechanisms are still not completely understood.

Controlled histologic studies in animals
========================================

In an experimental study in rats, the effects and distribution of EMD were studied in the periodontal tissue of maxillary rat molars transplanted to a subcutaneous position in the abdominal walls.[@b61-ccide-3-079] Molars were transplanted with or without EMD, either immediately after extraction or after drying for 30 minutes. The rats were sacrificed after day 2 or weeks 1, 2, or 4, and the teeth were examined by light microscopy and immunohistochemistry using antiamelogenin antibodies. The teeth that were transplanted immediately after extraction showed formation of alveolar bone separated from the dental roots by a periodontal space, regardless of the use of EMD. New alveolar bone was formed in five of eight teeth after weeks 2 and 4 in the teeth transplanted with EMD after drying for 30 minutes. None of the teeth transplanted without EMD showed alveolar bone formation. Additionally, one tooth transplanted with EMD showed root resorption after drying, while resorption was noted in all teeth transplanted without EMD. EMD was detected as early as day 2 on all the teeth transplanted with EMD and was still demonstrated after 4 weeks.[@b62-ccide-3-079] However, this effect was limited to the first 4 weeks following surgery, indicating that the main effect of EMD is at the early stage of periodontal wound healing. In another study, defects were filled with either vehicle or EMD in rat periodontal window wounds, with no microbial biofilm or epithelial downgrowth.[@b63-ccide-3-079] The results of this research indicated that EMD did not affect expression of differentiation markers or bone matrix protein synthesis in the repopulation response of wounded rat molar periodontium. It was suggested that the effect of EMD on wound healing in the periodontium may be independent of differentiation in the cell populations examined in the type of model used.[@b63-ccide-3-079]

In a controlled histologic study, recession defects were created and treated with EMD.[@b64-ccide-3-079] Standardized defects were created by surgically removing the entire buccal bone plate and the root cementum. The test defects were treated with EMD, while a coronally repositioned flap was made in the control defects. Eight weeks after surgery, the animals were sacrificed and the appropriate jaw segments were evaluated histologically. The results showed that a new periodontium developed in all the tested defects. In the control defects, the healing was characterized by a long junctional epithelium with very limited cementum and new bone formation. If new cementum was formed in the control defects, it was mostly cellular and only partly attached at the root surface. Interestingly, in this study, no root resorption occurred in the test defects, but was a very frequent phenomenon in the control defects.

It is important to note that no oral hygiene measures were carried out during the entire study period. In an experimental study in monkeys, acute fenestration-type defects were surgically created and subsequently treated with guided tissue regeneration (GTR), EMD, or coronally repositioned flaps (control).[@b65-ccide-3-079] All three treatment approaches enhanced the formation of new connective tissue attachment and new bone, but there was no major difference between the treatment groups. The results also indicated that acute fenestration-type defects do not seem to be a suitable test model for determining the potential of any type of regenerative approach.[@b65-ccide-3-079] In two subsequent studies in monkeys, recession-type and intrabony defects were surgically created and exposed to dental plaque infection.[@b64-ccide-3-079],[@b65-ccide-3-079] Following initial periodontal therapy consisting of oral hygiene measures with topical application of chlorhexidine, the defects were treated with GTR, EMD, EMD + GTR, or open flap debridement surgery (control). Histologic investigation showed healing of the control defects characterized by a long junctional epithelium and limited periodontal regeneration. Treatment with GTR, EMD, or EMD + GTR resulted in the formation of cementum with insertion of collagen fibers as well as formation of alveolar bone.[@b66-ccide-3-079],[@b67-ccide-3-079] Comparable results were also reported in rat, dog, and monkey defects, with either spontaneous intrabony and experimentally created intrabony, recession, or dehiscence-type defects.[@b68-ccide-3-079]--[@b72-ccide-3-079]

A histomorphometric study in dogs evaluated the effectiveness of EMD used for regeneration of periodontal tissues in class II furcation lesions with or without GTR.[@b73-ccide-3-079] Experimental class II furcations were made in the premolars of four dogs. The furcation defects were filled with Guttapercha to induce an inflammatory response and to prevent spontaneous repair. Twenty-one days later, the defects were treated with GTR, EMD, or open flap debridement surgery. Histologic analysis at 8 weeks following therapy showed healing characterized by formation of a long junctional epithelium and limited bone formation in the control group. Treatment with EMD led to significant regeneration of furcation lesions, but association with membranes was detrimental. Another histologic study in monkeys evaluated healing of mandibular class III furcation defects following treatment with GTR, EMD, EMD + GTR, or open-flap debridement surgery.[@b74-ccide-3-079] The results showed that treatment with GTR or EMD + GTR resulted in formation of new cementum with insertion of collagen fibers, and new bone was seen to be filling the defects where the membrane was not exposed. The sites treated only with EMD exhibited new attachment and new bone formation to a varying extent, while the control sites showed only limited new attachment and bone formation.

In conclusion, animal data indicate that EMD is present on treated root surfaces for a period of at least 4 weeks and predictably promotes formation of cementum and bone in fenestration, recession, intrabony, and mandibular class II furcation defects.

Histologic studies in humans
============================

The first human histologic report assessing the effect of EMD on periodontal regeneration used a mandibular incisor scheduled for extraction due to orthodontic reasons.[@b74-ccide-3-079] An experimental surgical procedure, intended to create a buccal dehiscence defect almost reaching the apex of the tooth, was performed in a setting identical to that of previously reported experimental defects in monkeys. Four months later, the experimental tooth, together with the surrounding soft and hard periodontal tissue, was removed surgically for histologic evaluation. Microscopic examination revealed formation of new acellular cementum, new periodontal ligament with inserting and functionally oriented collagen fibers, and associated alveolar bone. The new cementum covered 73% of the original defect. New bone gain was 65% of the presurgical bone height.[@b75-ccide-3-079]

In another study, Yukna and Melloning treated ten intrabony periodontal defects in eight patients with EMD. Histologic analysis 6 months later showed complete periodontal regeneration in three biopsies, and three further biopsies indicated healing characterized by new connective tissue attachment.[@b76-ccide-3-079] These findings are confirmed in subsequent reports by others, not only in intrabony-type but also in recession-type defects.[@b77-ccide-3-079]--[@b82-ccide-3-079] Subsequent immunohistologic studies have shown that, following surgery, EMD remains on the root surface for up to 4 weeks and the wound healing and/or remodeling process can be followed for up to 6 months after treatment with EMD therapy.[@b83-ccide-3-079],[@b84-ccide-3-079]

A very recent human histologic study attempted to characterize the tissues developing on the root surface at 2--6 weeks following treatment of intrabony defects with EMD.[@b86-ccide-3-079],[@b87-ccide-3-079] The results showed that the newly formed tissues on the root surfaces were thick, collagenous, devoid of extrinsic fibers, and had an irregular surface contour. The presence of electron-dense organic material in the collagenous matrix indicated at least partial mineralization. Embedded cells were numerous and the cells on the matrix surface were large in size. It was concluded that bone-like tissue resembling cellular intrinsic fiber cementum may develop on the root surfaces instead of acellular extrinsic fiber cementum following treatment with EMD.

Clinical safety of EMD
======================

Because the commercial formulation of EMD is a porcine-derived xenograft, the potential for it to stimulate an immune reaction when used in humans is of extreme importance. The enamel matrix proteins are highly conserved among mammalian species, and exposure to these proteins takes place during tooth development in early childhood. Thus, tolerance should normally be induced and the proteins recognized by the immune system as "self " proteins. Therefore, it is reasonable to assume that they are less likely to act as antigens. In vitro studies show that EMD does not significantly modify cellular or humoral immune responses. Very high concentrations of EMD induced only a slight increase in proliferation of human lymphocytes, restricted to the CD25+ (interleukin-2 receptor) fraction of CD4+ T lymphocytes. There was a concomitant decrease in B lymphocytes, while other cell fractions (CD8+ T cells, B cells, and natural killer cells) were not affected, and immunoglobulin and cytokine (interleukin-2 and interleukin-6) production was not modified.[@b24-ccide-3-079]

Moreover, it was shown that EMD attenuated the release of tumor necrosis factor-α and interleukin-8 in whole blood from healthy donors challenged by lipopolysaccharide or peptidoglycan, but the release of interleukin-10 remained unchanged. EMD also produced a four-fold increase in the cAMP levels of peripheral blood mononuclear cell lysates, which in turn suggested that EMD has anti-inflammatory properties.[@b85-ccide-3-079]

Controlled clinical studies in intrabony defects
================================================

Nonsurgical periodontal therapy
-------------------------------

Two randomized, placebo-controlled clinical studies evaluated the effect of EMD as an adjunct to nonsurgical periodontal therapy in intrabony defects.[@b88-ccide-3-079],[@b89-ccide-3-079]

Surgical periodontal therapy
----------------------------

Data from controlled clinical studies have demonstrated that treatment of intrabony defects with EMD results in a significant reduction in probing depths and gain of clinical attachment. A randomized, placebo-controlled, multicenter study examined the effectiveness of EMD using the split-mouth procedure in 33 patients.[@b90-ccide-3-079] Results after 36 months showed a mean gain in clinical attachment of 2.2 mm in the test group and 1.7 mm in the control group. The radiologically determined bone gain amounted to 2.6 mm in the test group, with 66% filling of the bone defects. However, the control teeth did not show any bone gain. Another controlled clinical study showed that treatment with open flap surgery + EMD resulted in a three times greater defect fill than treatment with flap surgery alone (74% defect fill after flap surgery + EMD versus 23% defect fill after flap surgery alone).[@b91-ccide-3-079] In a further prospective, controlled clinical study, 40 patients were treated by surgical therapy with two bioabsorbable barriers and the outcome compared with that of open flap surgery.[@b92-ccide-3-079]

A prospective, randomized, multicenter clinical study reported the treatment of intrabony defects using the papilla preservation technique with and without auxillary application of EMD.[@b93-ccide-3-079] From a total of 166 defects, 83 were treated with EMD and the remaining 83 acted as controls. After 1 year, the results showed a significantly higher clinical attachment gain in the test group than in the control group.[@b93-ccide-3-079] However, a randomized, double-masked, placebo-controlled clinical trial failed to show significant differences in clinical and radiographic parameters following treatment of intrabony defects with open flap debridement and application of EMD or placebo.[@b94-ccide-3-079] Generally, most of the data from controlled clinical studies indicate that the additional application of EMD in the context of surgical treatment of deep intrabony periodontal defects may lead to significantly higher gains in clinical attachment and defect fill compared with open flap debridement.[@b95-ccide-3-079]--[@b100-ccide-3-079] Surgical treatment with EMD was also demonstrated to improve supracrestal soft tissue density significantly compared with open flap debridement alone.[@b101-ccide-3-079],[@b102-ccide-3-079] However, neither postoperative administration of amoxicillin and metronidazole nor selective cyclo-oxygenase 2 inhibitors appeared to enhance the clinical results.[@b103-ccide-3-079],[@b104-ccide-3-079] Furthermore, two studies have suggested that the clinical outcomes of intrabony defects treated with EMD do not depend on the use of EDTA root conditioning.[@b105-ccide-3-079],[@b106-ccide-3-079] Comparative studies reported similar results after treatment of intrabony defects with EMD or GTR, whereby the type of GTR barrier did not play a role.[@b107-ccide-3-079],[@b108-ccide-3-079]

Clinical results with EMD are comparable with those after GTR therapy. A recent prospective multicenter, randomized, controlled clinical trial compared the clinical outcomes of EMD and GTR with a bioabsorbable membrane.[@b108-ccide-3-079] The data indicate that the clinical outcomes after treatment of intrabony defects with EMD can be maintained over a longer time period.[@b109-ccide-3-079],[@b110-ccide-3-079],[@b114-ccide-3-079] In a case cohort study, Cortellini and Tonetti indicated that a minimally invasive surgical technique combined with EMD in the regenerative treatment of isolated intrabony defects resulted in excellent clinical improvements while limiting patient morbidity.[@b111-ccide-3-079] The use of a minimally invasive surgical technique with EMD promoted significant improvements in clinical parameters, with minimal pain/discomfort and maximum esthetic satisfaction in the treatment of intrabony defects.[@b112-ccide-3-079] No additional clinical benefits were apparent when using Emdogain in comparison with sites treated with a placebo (the Emdogain carrier alone) in deep and wide intrabony defects.[@b113-ccide-3-079]

Combination therapy for intrabony defects
=========================================

Experimental and clinical studies have indicated that the extent of regeneration is determined by the available space under the mucoperiosteal flap.[@b115-ccide-3-079],[@b116-ccide-3-079] Collapse of the mucoperiosteal flap may limit the area available for the regeneration process and may thus affect the result of therapy. In a prospective, controlled, clinical study, intrabony defects were evaluated following treatment with EMD, GTR, EMD + GTR, and open flap surgery.[@b103-ccide-3-079] It was shown that all three regenerative treatment procedures resulted in a significantly greater improvement in clinical parameters compared with conventional flap surgery; however, combination therapy of EMD + GTR led to no additional improvement. A prospective, controlled split-mouth study in 11 patients with a total of 12 pairs of intrabony defects evaluated the clinical response of EMD with or without a tetracycline-coated expanded polytetrafluoroethylene barrier membrane at 6 and 12 months following therapy.[@b117-ccide-3-079] Several studies have evaluated the effect of a combination of EMD and various types of bone graft/bone substitute in the treatment of intrabony defects. Human histologic studies indicate that a combination of EMD and a natural bone mineral or bioactive glass may indeed result in formation of root cementum and mineralization around the graft particles.[@b118-ccide-3-079],[@b119-ccide-3-079] Controlled clinical studies comparing treatment of intrabony defects with EMD and different types of bone graft/bone substitute seem to indicate that combination of EMD and demineralized freeze-dried allogenic bone or a natural bone mineral may enhance the clinical outcome.[@b120-ccide-3-079],[@b121-ccide-3-079],[@b125-ccide-3-079],[@b126-ccide-3-079] Sculean et al reported positive results from EMD in guided tissue regeneration in a 5-year and 10-year study.[@b123-ccide-3-079],[@b124-ccide-3-079]

However, a recent study comparing the combination of EMD with a bioactive glass and EMD alone failed to show any significant differences between the two groups.[@b125-ccide-3-079] Furthermore, clinical studies comparing treatment using a combination of EMD and a bone graft/bone substitute versus a bone graft/bone substitute alone did not demonstrate any advantage of the combination approach.[@b130-ccide-3-079],[@b131-ccide-3-079] Listl et al concluded that when monetary resources are high (ie, \>€150--200 per additional mm of probing pocket depth reduction or clinical attachment gain, respectively), application of EMD (either alone or in combination with other devices) has a more advantageous cost-effectiveness ratio with respect to flap operation in cases where EMD is used with either bioactive glass or a bovine bone substitute, and has a more advantageous cost-effectiveness ratio than EMD alone; use of platelet-rich plasma or a resorbable membrane in addition to EMD and bovine bone grafts may only be justifiable when monetary resources for treatment are very generous.[@b127-ccide-3-079] A combination of EMD + autogenous bone resulted in statistically significant greater soft and hard tissue improvements compared with treatment with EMD.[@b128-ccide-3-079] Baltacioglu evaluated the clinical and radiographic results of intentional replantation of periodontally hopeless teeth with combined EMD and demineralized freeze-dried bone allograft therapy.[@b129-ccide-3-079] Eleven patients with 12 periodontally hopeless teeth resulting from extensive alveolar bone loss and vertical defects extending to the apices were studied. At the 12-month clinical and radiographic follow-up, significant improvement was observed for all parameters except gingival recession (*P* \< 0.05).

Controlled clinical studies in recession defects
================================================

In two controlled clinical studies, treatment of buccal Miller class I and II gingival recessions with a coronally positioned flap alone was examined using the split-mouth procedure.[@b132-ccide-3-079],[@b133-ccide-3-079] The clinical outcome did not show any differences between the therapies in terms of root coverage over a short time period of 1 year. However, additional application of EMD induced statistically significant greater formation of keratinized tissue, compared with that using a coronally positioned flap alone.[@b133-ccide-3-079] A follow-up evaluation of this study showed that complete root coverage could be maintained in 53% of the EMD group compared with the control (23%) over 2 years.[@b134-ccide-3-079] Similar results were obtained in a randomized controlled clinical study of 58 contralateral sites in 17 patients with ≥2 mm Miller class I, II, and III buccal recessions treated with a coronally positioned flap and EMD (study group) or the flap alone (control group).[@b135-ccide-3-079],[@b136-ccide-3-079]

In a controlled, clinical split-mouth study involving 17 patients, treatment of buccal Miller class II recessions with a coronally positioned flap and EMD (study group) or flap alone was compared with a connective tissue graft (control group).[@b137-ccide-3-079] Comparable results were also reported in a multicenter, controlled clinical trial comparing the clinical efficacy of a coronally advanced flap procedure with the additional use of EMD (study group) and a subpedicle connective tissue graft (control group).[@b138-ccide-3-079] The available data suggest that use of EMD may enhance the outcome of root coverage procedures, but additional application of a connective tissue graft seems to enhance further the formation of keratinized tissue.[@b139-ccide-3-079] Kuru et al demonstrated in two cases the possibility of treating human buccal recessions with EMD plus a laterally sliding flap, with predictable root coverage and clinical attachment gain.[@b140-ccide-3-079] Aroca et al showed that EMD did not enhance clinical outcome in the treatment of a class III recession-type defect when used with a modified tunnel/connective tissue graft technique compared with the modified tunnel/connective tissue graft technique alone.[@b141-ccide-3-079] The additional use of EMD combined with a subepithelial connective tissue graft procedure does not produce a beneficial clinical outcome in terms of root coverage.[@b142-ccide-3-079]

Controlled clinical studies in furcation defects
================================================

A multicenter, randomized, controlled, split-mouth, clinical study compared treatment of mandibular class II furcation defects with 90 comparable defects on the contralateral molars.[@b143-ccide-3-079],[@b144-ccide-3-079] Defects were randomly assigned to treatment with EMD or GTR using a bioresorbable membrane. It was concluded that there was a significantly greater reduction in horizontal furcation depth and a comparatively lower incidence of postoperative pain/swelling following EMD than with GTR therapy. Casarin et al evaluated the response of proximal furcations treated with EMD in a prospective 24-month randomized clinical trial.[@b145-ccide-3-079] At 24 months, the study group (open flap debridement + EDTA + EMD) showed a 1.9 ± 1.6 mm probing depth reduction whereas the control group showed a 1.0 ± 1.3 mm probing depth reduction. Relative horizontal clinical attachment levels were 0.7 ± 1.3 and 1.4 ± 0.9 mm, respectively.[@b145-ccide-3-079]

Effect of EMD on early wound healing
====================================

A quantitative study by Lafzi et al[@b146-ccide-3-079] sought to illustrate the ultrastructural changes associated with a human gingival wound 10 days after application of EMD as an adjunct to a laterally positioned flap in a patient with gingival recession. Ten days after the operation, a gingival biopsy specimen was obtained from the dentogingival region and examined using a transmission electron microscope. A considerable difference was found in both the cellular and extracellular phases of the EMD and non-EMD sites. Fibroblasts at the EMD site were rounded with plump cytoplasm and euchromatic nuclei. Well-developed rough endoplasmic reticulum and numerous mitochondria could be detected. In contrast, the fibroblasts at the non-EMD site were of flattened spindle-like morphology. It seems that EMD may enhance certain features of gingival wound healing, which may be attributable to its anti-apoptotic, antibacterial, or anti-inflammatory properties.[@b146-ccide-3-079]

EMD as a pulpotomy agent in primary teeth has been also evaluated histologically. In a study of 10 carious primary canines among teeth deemed for serial extraction, Emdogain gel was used as a pulp dressing material on the amputated pulp stumps. Most of the teeth showed coalescing islands of dentin-like tissue trying to bridge the full width of the coronal pulp at the interface between the wounded and unharmed pulp tissue below the amputation site.[@b147-ccide-3-079] New experiments now confirm that amelogenins present in Emdogain have the potential for use in endodontics, bone regeneration, implantology, traumatology, and wound care.[@b148-ccide-3-079]

Conclusion
==========

Application of enamel matrix proteins in the form of Emdogain has set a modern standard for periodontal regeneration therapy. Surgical periodontal treatment of deep intrabony defects with EMD promotes periodontal regeneration. Surgical periodontal treatment of deep intrabony defects using EMD may lead to significantly greater improvements in clinical parameters compared with open flap debridement alone. The effect of treatment with EMD is comparable with that for GTR and can be maintained over a 10-year period. The combination of EMD and some types of bone graft/bone substitute may result in the soft and hard tissue parameters compared with treatment with EMD alone. Further studies are needed in order to clarify definitively the possible advantage of combination therapy using EMD and bone grafts/bone substitutes in relation to single therapies. Application of EMD seems to provide better long-term results than coronally repositioned flaps alone. Application of EMD may enhance periodontal regeneration in mandibular class II furcations, comparable with that obtained using GTR.
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